Mechanisms of nonradiative recombination of electron-hole complexes in Cd(Mn)Se/Zn(Mn)Se quantum dots accompanied by interconfigurational excitations of Mn 2+ ions are analyzed within the framework of single electron model of deep 3d-levels in semiconductors. In addition to the mechanisms caused by Coulomb and exchange interactions, which are related because of the Pauli principle, another mechanism due to sp-d mixing is considered. It is shown that the Coulomb mechanism reduces to long-range dipole-dipole energy transfer from photoexcited quantum dots to Mn 2+ ions. The recombination due to the Coulomb mechanism is allowed for any states of Mn
I. INTRODUCTION
A great deal of attention attracted to quantum dot (QD) structures is due to the possible use of their quantum states in various fields of spintronics and for generation and detection of light.
1 Semimagnetic (diluted magnetic semiconductor (DMS)) II-VI quantum dots are promising objects for these purposes because a high degree of spin polarization of electrons and holes can be achieved in relatively weak magnetic fields.
However, incorporation of Mn ions into CdSe/ZnSe QDs substantially reduces the quantum yield of radiation as soon as the optical transition energy exceeds the energy of internal Mn transition ∼ 2.15 eV. It is found that Cd(Mn)Se/Zn(Mn)Se QD photoluminescence(PL) is completely quenched due to nonradiative recombination at relatively small Mn content x ≃ 3 − 5%.
2-6
The PL quenching is due to nonradiative recombination of QD e-h complexes accompanied by excitation of Mn 2+ ions. The Coulomb interaction between 3d-and band electrons is usually considered as a reason for processes of energy transfer from e-h complexes to Mn 2+ ions.
7,8
The interest in possible mechanisms of energy transfer arose after observation of a strong increase in PL intensity of an ensemble of Cd(Mn)Se/Zn(Mn)Se QDs in magnetic field B 0z reported by many authors.
2-6
Simultaneous increase in the QD PL life-time was also reported.
5,9,10
The explanation of the increase is based on suppression of the spin-dependent nonradiative recombination of e-h pairs by magnetic field. According to the model proposed in Ref. 11 nonradiative exciton recombination is possible because of the direct exchange interaction between band carriers and 3d electrons. This model provides selection rules for the process: S ′ B = S B , where S B and S ′ B are Mn 2+ spin projections in the direction of magnetic field B in the initial and final Mn 2+ states respectively. Selection rules predict that the nonradiative recombination of bright excitons is forbidden for the states of Mn 2+ ions with S B = ±5/2 whereas it is allowed for Mn 2+ ions with other S B . Since the number of Mn 2+ ions with S B = −5/2 increases with magnetic field, nonradiative recombination is suppressed. The rules correctly explained the strong increase in PL intensity in Cd(Mn)Se/Zn(Mn)Se QDs but failed to explain its dependence of the direction of the magnetic field.
2 To explain the observed dependence a modification of selection rules was suggested in Ref.
2 S z + s ex,z = S combination can be essential. The consideration based on the single-electron model of the 3d-level in a semiconductor reveals that mechanisms based on the direct exchange interaction and sp-d mixing are subject to the spin selection rules In contrast, the Coulomb mechanism does not lead to the spin-dependent recombination. Estimates show that efficiency of the sp-d mechanism can noticeably exceed efficiency of the Coulomb process in Cd(Mn)Se/Zn(Mn)Se QDs. The sp-d mechanism can either contribute to impact excitation of Mn +2 ions incorporated into a II-VI semiconductor matrix, which is closely related to the nonradiative recombination.
The paper is organized as follows. In the next section a model Hamiltonian of a DMS QD structure is considered. Mechanisms of the nonradiative recombination due to the Coulomb interaction and sp-d mixing are analyzed in Sec. III. Phonon-assisted processes and energy transfer into upper Mn 2+ excited states are discussed in Sec.IV. The link between the model in question and the impact excitation of Mn 2+ ions is also discussed in Sec.IV. Spindependent selection rules for nonradiative recombination and their manifestations in experiments are considered in Sec.V.
II. MODEL HAMILTONIAN
The Hamiltonian of the structure containing one QD and one Mn 2+ ion has the form of an Anderson Hamiltonian: [14] [15] [16] H 0 =Ĥ QD +Ĥ Mn +Ĥ hyb +Ĥ x ,
whereĤ QD is the Hamiltonian of the QD electron system,Ĥ hyb is the hybridization Hamiltonian,Ĥ Mn is the Hamiltonian of the Mn 2+ 3d-shell and the Hamiltonian of the potential exchange interaction isĤ x .
The QD Hamiltonian The term H cv contains e-h Coulomb and exchange interactions. The Coulomb term mixes single-electron states and leads to the reduction of the e-h energy whereas the e-h exchange term splits e-h states with J = 1, 2. Without loss of generality we retain only the exchange term and neglect the Coulomb interaction because the confinement of e-h states in QDs is determined by the dimensional quantization and because its contribution to energy transfer is negligible as it will be clear in Sec.III.
The dots under study have a very anisotropic lenslike form, i.e. the diameter D is several times larger than the height L.
Photoluminescence studies of Cd(Mn)Se/Zn(Mn)Se and CdSe/ZnSe/ZnMnSe QDs reveal that most of QDs have symmetry C 2v . These studies show that hh and lh hole states are strongly split due to strain and dimensional quantization. 12, 13 The e-h exchange interaction splits e-h states with J z = ±1 ("bright excitons") and J z = ±2 ("dark excitons"). The gap between bright and dark states is around 2-3 meV.
12 The wave-functions of bright exciton in those structures are |ψ
, where | ± 1 are exciton states with J z = ±1 and |ψ d ex = | ± 2 are dark exciton states. The effect of the periodic lattice potential on band electrons is taken into account within the effective-mass approximation, which may be used since we are interested in the properties of states near the bottom of the conduction and top of the valence bands. In the effective mass approximation conduction electron states are ϕ e sz (r) = F es sz (r)S sz +F ex sz (r)X sz +F ey sz (r)Y sz +F ez sz (r)Z sz , where envelopes F es sz (r), F ex sz (r), F ey sz (r), F ez sz (r) are solutions of the effective mass equations. Here S, X, Y , Z are zone center Bloch functions of appropriate symmetries. The electron states on the bottom of the first band of dimensional quantization within symmetric quantum well of width L w can be found elsewhere. 17 Bloch amplitudes of free electrons with k 0z that account for k 2 terms within the Kane's model are ϕ
18
Here p = S|p x |X = iP m 0 /h, P is the Kane parameter, m 0 is the free electron mass. 19 These results show that the admixing of Z functions to ϕ e sz (k) is much larger than those of X and Y functions.
The admixture of lh to hh states takes place in QDs of C 2v symmetry and lower. 13 However, it is small and unimportant for our aims. Therefore, we assume that ϕ 
wheren msz is the number operator of 3d-electrons with the orbital momentum m and spin projection s z , U ef f is the electrostatic repulsion energy between 3d-electrons occupying the same state m. We assume thatĤ Mn acts only on
6 configurations of Mn 2+ ions containing n=4,5, and 6 3d-electrons, respectively.
14, 20 The crystal field splitting of 3d-shell is omitted inĤ Mn . When it is taken into account the Hamiltonian can be expressed asĤ Mn = i |A i ǫ i A i |, where |A i and ǫ i , respectively, are states and energies of d 4 -d 6 configurations. They can be found by means of the crystal field theory.
21
The hybridization Hamiltonian
The sp-d hybridization results from the combined influence of the potential of crystal ions and band electrons.
It is considered on the symmetry grounds as a result of action of an effective crystal field potentialÛ cr , so that hybridization coefficients V sd msz µs ′ z = d msz |Û cr |µs ′ z and V pd msz νjz = d msz |Û cr |νj z . In the case of substitutional Mn 2+ ions the crystal field mixes valence band states at k ≃ 0 only with 3d-functions, which belong to t 2 representation of the T d site symmetry. [22] [23] [24] The operatorÛ cr also mixes 3d-and conduction band states at k = 0.
17
The direct s-d exchange term iŝ
where J(R λ ) is the exchange constant, S λ is the spin of the λ-th Mn 2+ ion located at R λ ,ŝ is the electron spin operator. The direct exchange is associated with the Coulomb interaction between band and 3d-electrons. The direct p-d exchange is considered to be zero.
14,15,18
Reduction of the PL quantum efficiency in semiconductor structures due to presence of impurities is usually related to the nonradiative recombination of e-h pairs because of the Coulomb or exchange interactions between band and impurity states. 8, 19, 25 The Coulomb interaction is missed in the Hamiltonian in Eq.(1). In order to account for it the approach developed in Ref.
24 is used. The Anderson Hamiltonian in Eq.(1), which was introduced phenomenologically into the DMS theory, 14, 15 can be obtained as a generalization of the Slater-Koster equation for single-electron states in a crystal containing an impurity level (H 0 +H imp −E)φ e (r) = 0, where H 0 is the single-electron Hamiltonian in an ideal crystal structure in the absence of the impurity, and H imp is the potential of impurity. 24 The single-electron states are expressed via eigen-states φ i (r) of H 0 ϕ e (r) = i F i φ i (r), where F i are appropriate coefficients and summation is made over quantum numbers characterizing crystal states.
The single-electron potential of perfect crystal structure may be written as 
where U c (r) = V e (r) − V 0 e (r). By neglecting lattice relaxation (R λ = R 0 λ ) the potential of a substitutional impurity at a 0 may be written as
24 whereas the potential of an interstitial impurity is H ′ imp (r− a 0 ) = v 3d (r− a 0 )+ U c (r). Here v h (r− a 0 ) is the potential of the host ion. Only substitutional impurities are discussed below since obtained results can be easily extended to the latter case.
The Hamiltonian of the crystal structure with substitutional impurity in the second-quantized form can be expressed asĤ =Ĥ 1 +Ĥ 2 , whereĤ 1 
usually omitted in the canonical Anderson model. Here To account for the sp-d Coulomb interaction between band and five 3d-electrons the terms originating from 5 i=1 e 2 /|r − r i | should be added toĤ 2 . The potential U c (r) tends to compensate changes in electron density caused by presence of the impurity and leads to the screening of the interaction between band and 3d-electrons. Within the framework of linear response theory
26 Similarly, the screened Coulomb interaction between band and i-th 3d-electron is
This expression is appropriate for the Coulomb processes of nonradiative recombination that are characterized by small transferred quasi-momentum q ≃ 1/D, q z ≃ 1/L. Here D and L are characteristic lengths of QDs in the lateral and 0z-direction, respectively. Quasimomentums within this range participate in the formation of e-h states, which justifies the use of the linear response approach. 26 Since the transferred energy E 0 ≃2.15 eV satisfies condition E 0 ≃ E g ≫hω LO , the inert ionic system of the crystal does not contribute to the dielectric function so that the effective dielectric function is determined by band electrons. The processes caused by the long-range Coulomb interaction are characterized by q ≃ 0 so that for the Coulomb processes
Contrary to the Coulomb processes exchange ones are characterized by a small interaction radius so that contribution of the processes with large transferred quasimomentums can be noticeable. The explicit form of the screened Coulomb interaction is not required for the future analysis of the exchange mechanism so that the expression v sc (r 1 − r 2 ) is used in this case.
The Coulomb interaction between band and 3d-
The terms containing only 3d-or band electron operators, i.e. those that do not couple 3d-and band states, are not considered here since the effect of these terms are already accounted for inĤ Mn andĤ QD .
The other terms appeared because of H imp + V sc are analyzed by means of the approach developed in Ref.
27
The analysis shows that some terms originated from V sc are already included inĤ 0 .
At distances |r − a 0 | ≫ a B , where a B is the atomic Bohr radius, v sc (r − r 1 ) ≃ v sc (r − a 0 ), so that the term
where Z Mn is the net core charge that includes Mn 2+ ion nuclear charge and the charge of completely filled atomic shells. The expectation value ( mszn msz − Z Mn ) is zero for an isoelectronic substitutional impurity. 27 The short-range difference between these potentials contributes to the potential scatteringĤ scat and energies of the 3d and band states.
Similarly terms
and µ,ν,sz ,jz
as well as
are included inĤ hyb . The term in Eq. (12) tends to compensate the effect of crystal ions potential on the sp-d mixing.
Similarly the term
tends to compensate the contribution of
and the crystal ions core potential to energies of 3d and band states and the potential scattering of 3d-states.
By taking into account the Coulomb interaction the Hamiltonian in Eq. (1) is transformed tô
whereÛ 0 contains terms generated by V sc + H imp that are not included inĤ 0 +Ĥ scat . They are responsible for various processes involving one, two or three 3d-electrons and include those responsible for the nonradiative recombination. The Hamiltonian in Eq. (14) can be rewritten in the familiar form:
whereĤ int is the interaction between the QD electron system and the Mn 2+ ion. The hybridization term H hyb in Eq. (14) can be replaced by an effective scattering Hamiltonian, 22,28 so thatĤ can be rewritten aŝ
where E i and E I are energies of the initial |i and intermediate |I states, respectively.
In addition to the termsĤ c ef f andĤ v ef f describing scattering of conduction and valence electrons on the 3d-shell the effective Hamiltonian contains the termĤ mix responsible for the mixed scattering.
As it is shown in Ref. 22, 28 the Hamiltonian
contains terms responsible for the potential scattering of valence electrons, contribution into energy of the 3d-level and terms of the p-d kinetic exchange that can be expressed in the Heisenberg form similar toĤ x in Eq.(5).
22
Analogous terms are contained inĤ c ef f .
The introduction of effective HamiltonianĤ ef f is justified in the ionic limit of the Anderson model. 
may be expressed as
where coefficients are (20) and
The second term in Eq. (19) leads to the interband potential scattering whereas the first one contributes to the nonradiative recombination as it is shown in the following section.
The Hamiltonian given by Eq.(16) can be generalized to the case of many non-interacting Mn ions which corresponds to the limit of small Mn content when the interaction between Mn ions can be omitted. The antiferromagnetic Mn-Mn coupling appears within the Anderson model in the fourth order of perturbation series and becomes important starting from x ≃ 0.05. The Mn-Mn interaction leads to the formation of Mn-Mn pairs, triads and clusters. The antiferromagnetic Mn-Mn interaction leading to the cluster formation affects the dynamics of energy migration between Mn ions. The influence of pairs and triads on energy transfer is considered in Sec V. The discussion of the dynamics of Mn-Mn energy transfer is out of the scope of current manuscript.
Thus,Û 0 +Ĥ mix can be considered as a perturbation of the Hamiltonian
whereĤ ex is the sp-d kinetic exchange term. The potential scattering is dropped as it does not directly contribute to the nonradiative recombination. The Coulomb and direct exchange interactions leading to the nonradiative recombination are contained inÛ 0 . In the following section we consider contributions ofÛ 0 andĤ mix to the recombination separately and estimate relative efficiencies of the Coulomb and sp-d mechanisms.
III. MECHANISMS OF NONRADIATIVE ENERGY TRANSFER TO 3D-SHELL A. Nonradiative recombination due to Coulomb interaction
The nonradiative recombination due to the Coulomb interaction is usually considered as a transition of the first order. 7, 8, 25 The only term inÛ 0 leading to such a transition iŝ
where
Contrary to the potential scattering where the singleelectron term H imp tends to compensate the effect of sp-d Coulomb potential, H imp does not participate in the nonradiative recombination because matrix elements between initial and final states including different 3d-configurations vanishes.
The rate of resonant energy transfer from the photoexcited QD into Mn 2+ 3d-shell is given by the Fermi's golden rule:
where N i is the number of initial states.
30
The initial state of the system |i(5/2, S z , G) =
6
A 1 (5/2, S z )ψ ex (G)|0 consists of 5 3d-electrons and the eh pair while the final state |f (3/2, S ′ z ) = 4T 1 (3/2, S z )|0 is the excited state of the Mn 2+ ion. Here ψ ex (G) = ψ ex (G)|0 is the exciton state, where G denotes a set of quantum numbers characterizing it. In the absence of magnetic field G is a representation of the symmetry group of exciton state. For instance, it is E for bright and A 1 , A 2 for dark excitons in quantum dots and wells of D 2d symmetry. The exciton creation operatorψ ex (G) is expressed via c + µsz and b νjz operators. In strong magnetic field B 0z exciton states are characterized by J z . Operators 4T 1 (3/2, S z ) and 6Â 1 (5/2, S z ) are sums of products of fived + msz operators. Wave-functions of the many-electron 4 T 1 (3/2, S z ) = 4T 1 (3/2, S z )|0 and 6 A 1 (5/2, S z ) = 6Â 1 (5/2, S z )|0 states in various approximations of the crystal field theory can be found in literature.
2,20-23
The matrix element of nonradiative recombination
reduces to a sum of Coulomb and exchange integrals. The Coulomb integrals lead to dipole-dipole energy transfer from QDs to Mn 2+ ions as it is shown in Appendix A. The anticommutation between 3d and band electrons does not affect Coulomb matrix elements so that energy transfer due to the Coulomb interaction can be understood as a result of emission and absorption of virtual photons by QD states and Mn 2+ ions. The crystal media can screen this process but cannot interfere with it. 31 The dipole transition between 4 T 1 (3/2) and 6 A 1 (5/2) states is spin-forbidden and, therefore, admixing of Mn 2+ excited states with spin 3/2 to 6 A 1 (5/2) is required.
Robbins and Dean considered the dipole-dipole mechanism as the dominant in nonradiative exciton decay accompanied by intraionic excitations.
7 Similar point of view is expressed in Ref. 25, 30, 32 where excitation of Er ions in Si accompanied by optically forbidden interconfigurational transitions of Er is considered. However, efficiency of the exchange mechanism can substantially exceed that of the Coulomb one when the latter is spin-forbidden, which is usual in atomic and molecular systems. 33, 34 Analyzing the process of deexcitation of Mn 2+ ions in the presence of free carries, in other words, the reverse process in respect to the impact excitation (Auger process), Allen concluded that the Coulomb interaction underestimated it as much as by two orders of magnitude and, therefore, the main mechanism of energy transfer was related to the exchange interaction rather than the Coulomb one. 8 The idea about domination of exchange mechanism in excitation of Mn 2+ ions is widely accepted now. 11, 35, 36 The exchange mechanism of energy transfer in atomic and molecular systems is subject to the Wigner spin conservation rule, which states that it is allowed if the total spin of the interacting system is conserved.
34
The spin conservation rule was used by Nawrocki et al. to derive selection rules for the exchange mechanism. However, in order to apply it the authors of Ref.
11 simplified the studied system so that they neglected any spinorbit coupling in the system and consider the transition
instead of exciton recombination. Exciton states in QDs are not completely characterized by spin due to the strong spin-orbit interaction in the valence band and e-h exchange interaction. However, spin selection rules for the exchange mechanism can be derived from the analysis of exciton and Mn 2+ spin functions.
The matrix element of the nonradiative recombination due to Coulomb interaction in the first-quantized form is
whereas the dark exciton wave-functions are ψ
Unlike the Coulomb processes the antisymmetrization between 3d-and band electrons is crucial for the exchange mechanism. The wave-function of the final state |f is that of the crystal in the ground state ψ 0 containing one Mn 2+ ion in the excited state 4 T 1 (3/2, S z ). The final state is a sum of Slater determinants constructed from N + 5 single-electron wave-functions where N is the number of valence and conduction electrons of the crystal including two Mn 4s electrons that become delocalized. Each Slater determinant can be presented as a sum of products of spatial and spin functions, where spin functions are basis functions of the irreducible representation of the permutation group of N + 5 electron spins corresponding to certain squared spinŜ 2 and spin projection S z , whereas spatial functions are basis functions of the representation conjugate to the spin representation.
37 It means that the final state certainly contains spin functions with S = 3/2.
The initial state |i obviously contains Slater determinants with spin projections S z = ±5/2 and S z = ±7/2, which means that corresponding spin functions have S=5/2 and 7/2. They can also have 5/2 − 1 = 3/2 contained in 5/2 ± s ex . It means that the nonradiative transition is allowed for bright and dark excitons. Similarly it is allowed for X − trions. When the exchange mechanism is allowed it necessarily leads to the conservation of the spin-projection S z + s ex z because of properties of the exchange integral V mµνm ′ .
The exchange matrix elements do not allow parametrization and hardly be estimated in a simple manner. They can be small or large because the s-d exchange constant is about a quarter of the magnitude of the p-d kinetic exchange constant, 14 whereas contribution of the direct exchange into the p-d exchange is usually assumed to be zero.
14,18
The use of the Fermi golden rule is correct if the matrix elements of perturbationsĤ mix andV t are much smaller than energy difference between any Mn 2+ configurations and e-h QD states. It is valid for the sp-d and Coulomb mechanisms as it is shown in Appendices. It is natural to expect that this is also valid for the exchange mechanism.
The hybridizationĤ hyb makes it possible Coulomb processes via virtual states involving d 4 and d 6 configurations because of the second-order term
Its contribution to energy transfer is small first of all because matrix elements H hyb If /(E i − E I ) and H hyb iI /(E i − E I ) are much smaller than unity as it is shown in Appendix B. Besides, the Coulomb matrix elements between |i |f and intermediate levels |I involving d 4 and d 6 configurations with spin S = 2 is spinforbidden.
B. Nonradiative recombination due to sp-d mixing
The sp-d mixing is responsible for the nonradiative recombination that can be understood as a result of successive hopping of the electron(hole) and hole(electron) in the 3d-shell. The hopping of a valence electron in and out of the 3d-shell is the reason for the kinetic p-d exchange interaction. The hopping of conduction electrons becomes possible because of the admixture of valence band states to conduction ones as k = 0. It is responsible for the reduction of the s-d exchange interaction reported in Ref. 18 The sp-d mechanism was proposed by Schmitt-Rink et al. as a mechanism of excitation of rareearth ions incorporated into a semiconductor matrix.
38
It is related to the term
The p-d coupling coefficient for the valence electron ground state, ν = 0, is
, where a 0 is the position of Mn 2+ ion. The s-d coupling coefficient for the conduction electron ground state µ = 0 is V sd ms
|Û cr |S sz = 0 because of the symmetry.
14,15,22,23
Due to strong anisotropy of QDs under study the main contribution to V sd is because of quantization along 0z. The coefficient of s-d mixing for the electron ground state, ν = 0, in a QD can be expressed as:
at k close to the center of Brillouin zone. Coefficients V pd msz0jz and V sd msz 0sz are related to the p-d hopping amplitude V 0 pd as it is shown in Appendix B. The matrix element of recombination of the bright exciton
where α(S z ) are certain coefficients found in the Appendix B. The factor γ/2 appears because of admixing of valence band states to conduction ones. It is important that such a transition conserves the Mn 2+ ion spin projection S z = S 
This expression is obtained neglecting the crystal field splitting of Mn 2+ states. 14, 20 This result is reproduced with due regard for crystal field splitting of the initial state. 22 It is natural to expect that neglecting the crystal field splitting in matrix element M mix in Eq.(27) also does not noticeably affect the result. The physical meaning of sp-d mechanism is illustrated in Fig. 1 . The process of kinetic p-d exchange interaction is shown in Fig.2 for comparison.
The sp-d mechanism of nonradiative recombination can be much more effective than that due to the Coulomb interaction. Estimates presented in Appendices A and B provide the ratio of recombination rates of the Coulomb and sp-d mechanisms for CdMnSe/ZnSe QDs averaged over distribution of Mn ions R Coul /R mix ≃ 10 −2 . The envelope F es (r) reaches maximum at the center of QDs, whereas F ez (r) reaches maximum at the QDs boundaries, 17 therefore the ratio R Coul /R mix depends on the distribution of Mn ions within the e-h pair localization volume. The ratio R Coul /R mix is expected to be larger than R Coul /R mix in CdMnSe/ZnSe and smaller in CdSe/ZnMnSe QDs.
Although the sp-d mechanism was proposed for excitation of rare-earth ions in a semiconductor 38 it better matches our case. For instance, 4f-orbitals of Er ions in Si are located much below the top of valence band (∼ 10 eV), 32 which results in weak p-f and s-f hybridizations. Besides 4f-orbitals are closely located to the ion core so that their interaction with bands electrons is weak. In contrast, the 3d-level lays at 3.4 eV below the top of valence band 14, 15 and resonantly mixes with valence band states.
The dipole-dipole mechanism is an analogue of the Forster mechanism of energy transfer between atoms or molecules whereas the exchange mediated mechanism is similar to the Dexter one. 34 The mechanism related to the sp-d mixing can also be associated with the Dexter mechanism, whereĤ mix plays a role of the effective exchange interaction.
The contribution of the direct exchange mechanism to the nonradiative recombination can hardly be estimated in a simple manner so that relative contributions of M ex and M mix is unknown. However, both mechanisms lead to spin-dependent energy transfer. Possible manifestation of such a process is discussed in Sec. V.
It is worth noting that the sp-d mechanism can contribute to the impact excitation of Mn 2+ ions. The excitation via either intra-or interband electronic transitions is possible. 25, 38 The impact excitation by means of the intraband transition becomes allowed when the energy of an optically or electrically excited electron with respect to the bottom of conduction band exceeds 2.15 eV. The impact excitation can be understood as a result of capture of such an excited conduction electron on the 3d-shell because of the s-d mixing with successive escape of one of 3d-electrons with the opposite spin also into the conduction band. Ayling and Allen state, however, that the efficiency of excitation of Mn 2+ via interband transitions is much larger than that via intraband ones.
8,39

IV. PHONON-ASSISTED PROCESSES AND ENERGY TRANSFER INTO UPPER MN
2+
EXCITED STATES
The resonant processes discussed above assume equality of the e-h pair transition energy and the energy of intraionic excitation E 0 ≃ 2.15 eV. Experiments show that the photoluminescence quenches even when transition energy of the ground state of e-h pairs in QDs substantially exceeds E 0 .
2,3 There are two mechanisms, which allow such processes: the phonon-assisted recombination and the nonradiative transition in upper Mn 2+ states. The model of phonon-assisted energy transfer from a semiconductor crystal to rare-earth impurities is proposed by Yassievich et al. 25 It is based on the single configurational coordinate scheme describing the electronphonon interaction of impurity electrons with a phonon mode of the crystal. According to the model nonresonant recombination is possible due to emission of multiple phonons. The probability of the phonon-assisted transition is given by:
At low temperatures ,k B T ≪hω ph , the coefficient I(N ph ) ≃ (S H ) N ph e −N ph /N ph !, where S H is the Huang-Rhys factor, which determines the strength of electron-phonon coupling. 19 According to the recipe of Ref. 25 summation over N ph is replaced by integration and leads to the expression:
The probability R pn nr (K f i ) has the maximum at K f i = S H at large coupling strength S H > 1 and quickly decreases with K f i . The upper limit of the efficiency of the phonon-assisted recombination can be estimated by the summation over all K f i .
The The strong increase in PL intensity of an ensemble of Cd(Mn)Se/Zn(Mn)Se QDs in the magnetic field B 0z is explained as a result of suppression of the exciton nonradiative recombination because of depopulation of A 1 (5/2, S z ) states with S z > −5/2.
4,11
The results of Sec. III reveal that the Coulomb process is allowed for S z = ±5/2 and it does not contribute to the increase in PL intensity.
The exchange and sp-d mechanisms lead to conservation of the total spin projection S z + s ex,z = const. Recombination of bright excitons (s ex,z = 0) requires ∆S z = 0, whereas the recombination of dark excitons (s ex,z = ±1) is possible when ∆S z = ∓1.
The selection rules predict that the nonradiative recombination of bright excitons involving S z = 5/2 is spin-forbidden, whereas it is allowed for the dark exciton with J z = 2(s ex,z = 1) and forbidden for that with J z = −2(s ex,z = −1). The strong increase in PL intensity requires slow relaxation of bright excitons to J z = 2 dark states. Phonon-assisted recombination and energy transfer into upper excited Mn 2+ levels do not break the rules.
However, the selection rules are not valid for e-h complexes formed by hole states with large admixture of lhstates, which is the case for bulk DMS materials of cubic symmetry. In contrast, the selection rules should be valid for highly anisotropic crystals of wurtzite structure such as CdMnS, which is in agreement with the results of photoreflectance measurements reported by Nawrocki et al.
11
Recent studies of the optically detected magnetic resonance give additional arguments in support of spin-dependent energy transfer from ensemble of CdMnSe/ZnSe QDs to Mn 2+ ions and its dependence on the direction of magnetic field.
43
The observed increase in QD PL intensity indicates that spin-dependent sp-d and exchange mechanisms dominate over the Coulomb one. This assumption correctly explains magnetic field and temperature dependence of the PL intensity of QD ensemble. The following empirical expression is found to fit the experimentally observed increase in PL intensity with magnetic field B 0z: I(B) = A/(1 + Cp(B/T )), where p(B/T ) ≃ α + βe −∆E(B)/kB T , α and β, A and C are constants. 2, 4 This well-known expression describes the temperature dependence of the interband PL intensity in the presence of nonradiative recombination centers. The magnetic field dependent activation energy is ∆E(B) = ∆ eh + ∆ Mn , where ∆ eh = µ B (g e + g h )B is the energy of Zeeman splitting of e-h states. The parameter α is the probability of nonradiative recombination independent of magnetic field while β is the probability of nonradiative recombination involving the S z = −3/2 level.
2,4,11 Results of Ref.
2 indicate that the ratio I(B)/I(0) ≃ (1 + β/α) can reach 10 2 in high magnetic fields ∆E(B)/k B T ≫ 1, which is possible if β ≪ α and the relaxation of the bright excitons into lower dark states is slow.
Since the radiative life-time of 4 T 1 (3/2) → 6 A 1 (5/2) transition is substantially longer than the time of nonradiative recombination, fast saturation of I(B) is expected because only a few tens of Mn 2+ ions can interact with the localized e-h pair. The derivation of I(B) implies, however, that the reservoir of Mn 2+ ions is infinite. This fact can be related to the fast energy diffusion within ensemble of Mn 2+ ions. 42 The dependence I(B) very well describes experimental results, 2,4,6 which supports the assumption.
The QDs considered in Ref. 2, 4 are assumed to be neutral meanwhile considerable amount of QDs in the ensemble can be negatively charged due to a n-type background doping almost always present in II-VI materials.
The selection rules predict that X − j z = ±3/2 states are involved in nonradiative recombination at B = 0. In magnetic field B 0z, which polarizes both trion and Mn 2+ states only j z = +3/2 trion participates in the nonradiative recombination whereas j z = −3/2 trion does not.
At Mn content of x = 1 − 2% the lower X − trion state in magnetic field B 0z is that with j z = 3/2.
13
Negatively charged QDs do not lead to the increase in PL intensity when the relaxation of the j z = −3/2 to the j z = 3/2 state is fast.
However, measurements of X − trions in individual CdSe/ZnSe/ZnMnSe QDs reported in Ref. 13 show surprising increase in the intensity of upper σ − component of the trion PL in magnetic field B 0z. This result can be understood on the ground of the proposed model if the relaxation j z = −3/2 to j z = 3/2 is slow. The two level model, which takes into account the nonradiative recombination, relates the time of nonradiative recombination τ nr to the time of spin relaxation τ s from the upper trion state: τ nr (B) < τ s /2(1 − e −∆Mn/kT ), where ∆ Mn = µ B g Mn B is the Zeeman splitting of nearest Mn levels. This is probably because the relaxation −3/2 → 3/2 requires changes ∆j z = 3 so that it can be slow in QDs under study because of strong lh-hh splitting and the splitting of Mn 2+ spin states in magnetic field. Negatively charged QDs, therefore, can contribute to the increase in I(B).
In the Voigt geometry (B ⊥ 0z) magnetic field aligns Mn 2+ and electron spins opposite to the direction the field whereas hh hole moments remain directed along 0z. In addition, all dark | ± 2 and bright | ± 1 exciton states mix at B ⊥ 0z. According to the selection rules the nonradiative recombination of dark excitons J z = 2 is allowed at any B, and, therefore, no increase in PL intensity is expected in the Voigt geometry, which is in agreement with the results presented in Ref.
2 The nonradiative recombination of trions in the Voigt geometry is also allowed because of mixing of ±3/2 states.
The Mn-Mn interaction has been omitted in the foregoing discussion, meanwhile it causes formation of Mn clusters among which Mn-Mn pairs and triads are most important. 44 Number of the pairs quickly increases with increase in Mn content and reaches maximum at x of several percents. The pairs are characterized by the relatively large antiferromagnetic coupling energy, about 1 meV for nearest neighbors in CdMnSe and ZnMnSe, 14 so that they remain coupled even at high magnetic field of about 12 T. Such pairs do not participate in the Zeeman splitting of band states as the total spin of the pair is zero. In contrast, the pairs can participate in radiative and nonradiative recombinations as those processes involve excitation of individual Mn 2+ ions in the pairs. The Mn-Mn coupling energy is still too weak to modify or mix 3d
5 configurations of individual ions within the pair as the energy gap between 3d-configurations is several eV. Therefore, there are not many reasons to expect strong changes of either R Coul or the time of intraionic optical transition 1/τ r . There are no reason to expect strong changes of M mix and M ex due to the pairs and triads formation.
Experimental results reported in Ref. 44 revealed, however, shorter PL life-time of d-d pairs line than that of individual Mn 2+ ions. It can be assumed that the pair formation modifies Mn 2+ ion environment and changes covalent coupling strength, which, in turn, decreases τ r . Consequently, increase of R Coul and the ratio R Coul /R mix with Mn 2+ content can be expected as R mix linearly depends on x. The Mn-Mn pairs do not lead to the increase in I(B), because magnetic field does not align spins of coupled Mn 2+ ions. Contrary to the pairs, Mn-Mn-Mn triads are characterized by nonzero average spin and therefore can contribute to the increase in I(B).
The sp-d and exchange mechanisms are short-range ones, they are effective within the e-h pair localization volume. On the contrary, the dipole-dipole mechanism is a long-range one. It may be important in CdSe/ZnMnSe QDs and obscure spin-dependent effects. At distances between the CdSe/ZnMnSe QD edge and the Mn 2+ ion core R d much larger than the QD dimensions M Coul decreases as R −6
d . 31, 33 Thus, the ratio R Coul /R mix increases with R d and the dipole-dipole mechanism can dominate at large distances. Assuming that the energy transfer between Mn ions is fast one can expect larger increase in I(B) for CdMnSe/ZnSe neutral QDs with x < 0.1 and the smaller one for CdSe/ZnSe/ZnMnSe neutral QDs which is in agreement with experimental results.
2,41 At large x > 0.1 the fast saturation of I(B)/I(0) or even decrease can take place. This is not valid in general case because the ratio I(B)/I(0) depends on various parameters such as distribution of Mn 2+ ions, the ratio of neutral and charged QDs and probably considerably vary from sample to sample.
The considered mechanisms of nonradiative recombination are effective not only in DMS QDs but also in bulk and other low-dimensional structures. DMS II-VI materials are characterized by close parameters U ef f and E v − ǫ d but slightly different E g , V sd and V pd . With the use of parameters reported in Ref.
14,16 one can find that the contribution of the sp-d mechanism to energy transfer in CdMnS and CdMnTe structures is comparable to that in CdMnSe ones.
The proposed model deals with direct energy transfer from e-h complexes to Mn 2+ ions. In bulk DMS materials and low-dimensional structures other processes via various intermediate states such as defects, impurities and surface states are possible. The mechanisms considered above are involved in energy transfer in those cases too.
VI. CONCLUSIONS
Mechanisms of the nonradiative recombination of eh complexes in Cd(Mn)Se/Zn(Mn)Se QDs accompanied by the intraionic excitation of Mn 2+ ions are analyzed within the framework of the single-electron model of deep 3d-level in semiconductors. Together with traditional mechanisms related to the Coulomb and exchange interactions between 3d-and band electrons another mechanism caused by the sp-d hybridization is considered. Estimates of matrix elements reveal that the efficiency of this mechanism can considerably exceed that of the Coulomb mechanism and its contribution to nonradiative recombination can be significant or even dominant. Mechanisms of energy transfer from neutral and negatively charged QDs to Mn 2+ ions due to the sp-d mixing and direct exchange interactions are subject to the spin selection rules S z + s ex z = const in magnetic fields B 0z, whereas the Coulomb mechanism does not obey them. These rules are because of the strong hh-lh splitting of hole states in Cd(Mn)Se/Zn(Mn)Se QDs. It is shown that nonradiative recombination remains efficient even when the fundamental energy gap E g substantially exceeds the energy of the lower Mn 2+ internal transition most probably because of energy transfer into upper Mn 2+ excited states. The proposed model indicates that the increase in PL intensity depends on the Mn 2+ content, distribution of Mn ions, QD dimensions so that its magnitude can strongly vary from sample to sample.
The dominant contribution to the matrix element of long-range Coulomb potential comes from the domain |r 2 − a 0 | ≫ |r 1 − a 0 | ≃ a B . By using the multipole expansion of the Coulomb potential
is the operator of the intraionic dipole transition, and
The wave-functions of the ground state of conduction electron,µ = 0, are r|0s
The weak admixture of valence band states to conduction ones is unimportant in calculation of P µs ′ z νjz and can be omitted.
The wave-functions of the ground state of valence electron, ν = 0, are 
where a B is the atomic Bohr radius, and λ enumerates Mn 2+ ions. In derivation of this equation relations r = ihp/m 0 E g , p = iP m 0 /h, and
2 /2m c are used, where m c = 0.13m 0 is the conduction electron mass in CdSe or ZnSe;
19 P is the Kane constant. Since ∆/E g < 0.3 in ZnSe and CdSe crystals we assume that ∆/E g = 0.
After averaging over positions of Mn 2+ ion, the rate becomes:
where V e(h) is the effective volume of electron (hole) localization and coefficients η e(h) = DMS d 3 r|F e(h) (r)| 2 characterize penetration of the electron(hole) wave-function into the DMS layer.
The presented analysis generalizes the approach developed in Ref. 7, 8, 25 , where the interconfigurational optical transitions are considered as single-electron ones.
and E i is the energy of the initial state whereas E + and E − are energies of intermediate states. For calculations of the matrix element we use wave-functions of the ground and excited states in the spherical approximation similar to the approach of Schriffer in the calculation of the kinetic exchange constant. 20 We choose the initial state of the Mn +2 ion to be |A 1 (5/2, −5/2) = Π 
where N 0 is the number of unit cells per unit volume and α(±3/2) = −1/ √ 5. By means of spin-up operators and wave-functions of initial and final states the coefficient α(±1/2) = − 3/10 for the transition |A 1 (±1/2)J z = 1 → |T 1 (±1/2) can be found.
By using ϕ e sz (k) for free electrons the coefficient γ is evaluated as γ ≃h 2 /2m c E g L 2 . Smaller value γ ≃ h 2 /2m c E g L 2 /(1 +h 2 /2m c E g L 2 ) can be found for the symmetric quantum well of width L with infinitely high barriers by using functions ϕ e ±1/2 (r) presented in Ref. 17 . 
16
Taking into account Eq.(B3) the probability of nonradiative recombination is as follows:
(B4) Here λ enumerates Mn 2+ ions. The recombination rate of the bright exciton averaged over the Mn 2+ ions distribution can be obtained in the manner described in Appendix A.
The ratio of rates, corresponding to the Coulomb and sp-d mixing processes is: 14, 16 Taking into account uncertainty of the parameter ǫ d + U ef f − E c related to the fact that E g depends on the Mn content and strain distribution within the sample we conclude that the accuracy of our estimate is better than an order of magnitude.
FIG. 1:
The scheme illustrates the process of the nonradiative recombination of the dark exciton Jz = 2 in a magnetic field B 0z. Two different paths of the process via virtual states contributing to (27) are shown. The sp-d mechanisms of exciton recombination can be described as the result of successive hopping of the electron(hole) and hole(electron) in the 3d-shell. 
